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STATUS OF TWO STUDIES ON ACTIVE CONTROL 


OF AEROELASTIC RESPONSE 

By Irving Abel and Maynard C. Sandford 
Langley Research Center 

SUMMARY 

The application of active control technology to the suppression of flutter has been 
successfully demonstrated during two recent studies in the Langley transonic dynamics 
tunnel. The first study involved the implementation of an aerodynamic- energy criterion, 
using both leading- and trailing-edge controls, to suppress flutter of a simplified delta- 
wing model. Use of this technique has resulted in an increase in the flutter dynamic pres- 
sure of approximately 12 percent for this model at a Mach number of 0.9. Analytical 
methods used to predict the open- and closed-loop behavior of the model are also dis- 
cussed. The second study, which is a joint effort with the Air Force Flight Dynamics 
Laboratory, was conducted to establish the effect of active flutter suppression on a 
model of the Boeing B-52 Control Configured Vehicle (CCV). Some preliminary results 
of this study indicate significant improvements in the damping associated with the criti- 
cal flutter mode. 


INTRODUCTION 

Considerable interest has emerged over the last few years toward applying active 
control technology to suppress aeroelastic response of present and future aircraft con- 
figurations. Potential gains in aerodynamic efficiency and weight savings can be realized 
through ride-quality control, reduction of gust and maneuver loads with a consequent 
reduction in fatigue damage, reduction of static -stability requirements, and suppression 
of flutter. The use of active controls to suppress aeroelastic response is not new. It 
has already been used, to a limited degree, on such airplanes as the XB-70 and B-52 to 
improve ride quality by reducing structural response to turbulence (refs. 1 and 2). 

The use of active controls to suppress flutter seems further from realization than 
other active control concepts, partly because of the lack of a thorough experimental eval- 
uation. A review of the recent literature (e.g., refs. 3, 4, and 5) indicates that most of 
the work in this area is analytical. In an effort to fill the need for experimental results, 
wind-tunnel model programs are underway in the Langley transonic dynamics tunnel to 
demonstrate the effectiveness of using active controls for flutter suppression. 



The purpose of this paper is to describe some recent activities at Langley Research 
Center toward evaluating the use of active controls for flutter suppression. (Some early 
progress on these programs was reported in ref. 6.) The application of active controls 
to the suppression of flutter at transonic speeds on a simplified delta-wing model is 
described. Included is a brief summary of the analytical aspects of the problem, a 
description of the model, measured and calculated flutter points with and without active 
controls, and some experimental techniques used to establish the behavior of the model 
at subcritical test conditions. 

In addition to the delta-wing program, a program is being conducted to evaluate the 
use of active controls for flutter suppression, maneuver-: load control, ride-quality control, 
and reduction of static -stability requirements on a model of the Boeing B-52 CCV airplane. 
This program is a cooperative effort by Langley Research Center; the Air Force Flight 
Dynamics Laboratory; and The Boeing Company, Wichita Division, under NASA and Air 
Force contracts. These studies are being conducted in conjunction with a flight research 
program (ref. 7) in an effort to correlate model and flight data. This paper includes a 
brief summary of preliminary wind-tunnel flutter-suppression studies accomplished to 
date. 

SYMBOLS 

b reference semichord 

c reference chord, 2b 

f^,fg frequencies at half-power points of forced response 

g structural damping coefficient 

h(x,y,t) vertical displacement 

hphg vertical displacement of delta-wing model at 30 and 70 percent of the 

reference chord, respectively (fig. 5) 

Mj generalized mass of ith vibration mode 

m(x,y) mass distribution 

Ap(x,y,t) pressure distribution 
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Qj generalized displacement of ith vibration mode 

5 reference area 

s Laplace operator 

t time 

U aerodynamic-energy matrix defined in equation (2) 

U complex conjugate of the matrix U 

V free-stream velocity 

x,y streamwise and spanwise coordinates, respectively 

Zi(x,y) normalized deflection in ith vibration mode 

a angle of attack at section A-A (fig. 5) 

/3 leading- edge -control deflection 

6 trailing-edge-control deflection 

5 B-52 outboard-aileron deflection 
a 

6 deflection command signal to B-52 outboard aileron 

21, C 

Sj B-52 flaperon deflection 

6 t deflection command signal to delta-wing trailing-edge control 

cl> circular frequency 


Matrix notation: 


{> 

LJ 


column matrix 
row matrix 
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[ ] 

[ f 


square matrix 


transpose of matrix 

Dots above symbols indicate derivatives with respect to time. 

FLUTTER SUPPRESSION BASED ON AERODYNAMIC 
ENERGY CONSIDERATIONS 

Flutter is a self-excited oscillation in which energy is absorbed by the lifting sur- 
face from the airstream . The state of stability of the system is defined by the sign of 
the work per cycle when the lifting surface undergoes an arbitrary oscillatory motion. 

The use of energy techniques to investigate the stability of an aeroelastic system is not 
new (ref. 8); however, a recent contribution to the area of flutter suppression is the devel- 
opment of an aerodynamic energy criterion by Nissim (ref. 3). This criterion states that 
a necessary and sufficient condition for the prevention of flutter is that for all allowable 
oscillatory motions of an elastic system in an airstream, positive work must be done by 
the system on the surrounding airstream. A brief summary of the salient points brought 
out in reference 3 is given in the following section. 

Energy Concept 

Consider the equations of motion for a system with n degrees of freedom: 


{f} = - 


or 


[M] + >rpb 4 s[[A R ] ♦ ijAijj (q) + [ K J{q} 


( 1 ) 


where, at flutter, the generalized force {f} = 0 and u> is the circular frequency of 
oscillation; [m] is the mass matrix (called B in ref. 3); |~Aj^j and j^Aj are the 

real and imaginary unsteady aerodynamic-force matrices, respectively; [kJ is the 
structural stiffness matrix (called E in ref. 3); p is the fluid density; S and b 
are a reference area and length, respectively; and <^qj> is the generalized displace- 
ment vector . 

Nissim shows that the work per cycle W (called P in ref. 3) done by the system 
on the airstream can be written as 



7j^pb^Sa)^|q^ 




( 2 ) 
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where 


{«) - (1r + i il} ela ’ t 

and 

M = - [ A i] + [ a i] T + 1 [ a r] - 

A positive value for W indicates a transfer of energy from the system to the airstream, 
and hence stability. The matrix U is Hermitian (i.e., = u) and therefore possesses 

real eigenvalues. By use of these eigenvalues it is shown in reference 3 that the energy 
input per cycle into the airstream can be reduced to a principal quadratic form as 


.2 ,2 
+ ^ 


where Aj, X 2 , . . ., A n are the eigenvalues of the matrix U and £ denotes generalized 
coordinates associated with the aerodynamic energy. It can be seen from equation (3) that 
the work W will always be positive if all the eigenvalues A are positive. Therefore, a 
sufficient condition for flutter stability is that all the A terms are positive. A notable 
characteristic of the energy method is that the criterion for flutter stability is determined 
by the characteristics of the aerodynamic-force matrices alone. Therefore, if a particu- 
lar system has undesirable flutter characteristics (i.e., too low a flutter speed), the flutter 
characteristics can be improved if a mechanism can be found which changes the U matrix 
in an appropriate manner. One such mechanism is the addition of control surfaces to the 
basic system. The motions of these surfaces generate aerodynamic forces which modify 
the aerodynamic terms in the U matrix for the basic system. For flutter suppression 
the control- surface deflections are related by a "control law" to the plunging and pitching 
motion of the main surface. Nissim points out in reference 3 that a suitable configuration 
is one employing both leading- and trailing-edge controls since the two working together 
provide independent control of lift and pitching moment. 


Delta-Wing Flutter Suppression Model 

To evaluate the practical aspects of the aerodynamic-energy concept, The Boeing 
Company, Wichita Division, under contract to NASA, performed an analytical study of the. 
application of this concept to an early supersonic transport (SST) configuration. Some 
results of this study, as described in reference 9, indicate increases in the flutter speed 
from 11 to 29 percent for several spanwise locations of leading- and trailing-edge controls. 
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Because of these positive results, an experimental program aimed at providing evaluation 
and validation of the energy concept was initiated by using a wall-mounted l/17-size sim- 
plified semispan model of a recent SST configuration. The Boeing Company, under con- 
tract to the Langley Research Center, is providing general support for this program in 
the area of controls implementation and analysis. A photograph of the model installed 
in the Langley transonic dynamics tunnel is shown in figure 1, and a sketch of the model 
is presented in figure 2. 

The wing has a clipped-delta planform without twist or camber, a symmetric 
circular-arc airfoil section with a maximum thickness -to -chord ratio of 0.03, and hydrau- 
lically actuated leading- and trailing- edge controls. The trailing- edge control was approx- 
imately 20 percent of the local chord, while the leading-edge control varied from about 
15 percent of the chord inboard to 20 percent of the local chord outboard. Both controls 
were located between 73 and 84 percent of the wing span. These locations are approxi- 
mately those referred to in reference 9 that resulted in the largest increase in flutter 
speed. Simulated engine nacelles are mounted on the underside of the wing. The model 
construction consists of an internal aluminum alloy plate that was tapered in thickness 
in the spanwise direction and had cutouts to simulate spars and ribs. The plate was 
covered with balsa wood to provide the proper aerodynamic contour. 

Because of the large hinge moments required and the necessity of keeping the 
control-surface actuation system within the physical constraints imposed by the model, 
that is, small and light, it was necessary to design and fabricate an electrohydraulic 
actuation system. Within these constraints an actuator was designed that weighs only 
56.7 grams yet can produce approximately 4.52 N-m of torque throughout the operating 
range of interest (approximately from 0 to 25 Hz). Because of the limited thickness of 
the wing, it was also necessary to design and fabricate special control- surface position 
indicators. This was accomplished by mounting silicon solar cells to the actuator control 
shaft and illuminating them with a stationary light source. As the control shaft rotates, a 
voltage proportional to the angular position of the surface is produced. A photograph of 
the model showing the actuator and position indicator is presented in figure 3. A complete 
description of the design and fabrication of the control actuation system for the model is 
given in reference 10. 

In order to perform analytical calculations for the model, it was necessary to spec- 
ify a set of generalized masses, mode shapes, and natural frequencies. These properties 
were determined experimentally for the first nine structural modes of the model by using 
methods similar to those described in reference 11. The measured modal contours, nat- 
ural frequencies, and generalized masses are given in figure 4. 
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Control Law 


A simplified block diagram of the delta-wing flutter-suppression system is pre- 
sented in figure 5. The control law used is of the form 



r 12 


J 22 


f h iA) 


a 


( 4 ) 


where f} is the leading-edge control deflection; 6 is the trailing-edge control deflec- 
tion; hj and a are the plunging and pitching motions, respectively, of a representative 
streamwise section of the wing (section A-A in fig. 5); b is a reference length; and C 
and G are constant coefficients which were evaluated from an aerodynamic-energy 
analysis. 


The motions of hj and h.% are measured by accelerometers located at 30 and 
70 percent of the local chord c. The control law is mechanized on an analog computer 
which has been programed to perform the operations indicated in figure 5 to determine 
h^, h^, a, and a, and pass the proper command signal as expressed in equation (4) to 
the control surfaces. Figure 5 indicates that the period of oscillation 1/c o must be 
determined. However, reference 3 showed that essentially the same results can be 
obtained if the value of 1/co is taken to be constant and equal to the open-loop flutter 
period. This result was confirmed by preliminary wind-tunnel investigations. 


Flutter Analysis 

In order to illustrate the mechanism of flutter suppression, a flutter analysis, 
both with and without active controls, is presented. The flutter equations for a three- 
dimensional lifting surface are obtained from Lagrange's equation of motion by assuming 
that the unknown mode of motion is described by a linear combination of orthogonal modes, 
that is, the undamped natural modes of the system, in the following manner: 

n 

h(x,y,t) = ^ qjWZjfxy) (5) 

i=l 

If structural damping is neglected, then the equations of motion become 


M i q i (t) + cu i 2 M i q. (t) = Q.(t) 


(6) 
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where 


= JJ m(x,y)Z. 2 (x,y)dx dy 
S 

is the generalized mass and 

Q^t) = JJ Ap(x,y,t)Z i (x,y)dx dy 
S 

is the generalized aerodynamic force. The total pressure distribution Ap(x,y,t) is com- 
posed of contributions due to each flexible mode plus those due to the leading- and trailing- 
edge controls. Therefore, 

n 

Ap(x,y,t) = Y Ap.(x,y)q (t) + Ap 6 + Ap B 
] 1 o p 

j = l 

where i Pj Is the pressure distribution due to each flexible mode, and and A P( . 

are the pressure distributions due to leading- and trailing- edge controls, respectively. 
Substituting this expression for the pressures into equation (6) and expanding results in 
the following form of the equations of motion: 



From equation (5), the nondimensionalized deflection of the wing for the responses 
hj and 1^ can be written as 

h n h n 

F = b I < ‘ i (t)Z i( x l- y l) F = bl 1i« 2 i( x 2' y 2) 

i=l i=l 

Assuming that a straight line between the locations of the two sensors gives a reasonable 
approximation to the angle of attack at the reference station and noting that the sensors 
are 0.8b apart lead to the following equation for angle of attack: 
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a 


jjfa M 

0.8 \b b ) 


= ok 1 ( Z i( X 2’5'2) - Z i( x l>5’l))'*i< t > 

1 — 1 


Substituting the above results into the control law (eq. (4)) results in a matrix equation 
relating the control-surface motions to the generalized coordinates in the following form: 




Aj + iBj 

A 2 + iB 2 

. . . 

A n + iB n 

.6. 


C ^ + iD j 

C 2 + iD 2 

• * • 

C n + iD n 


^ j 

where the parameters Aj, Bj, Cj, and Dj^ are constant coefficients defined as follows: 

A i - z i( x i'yi)(ir - !ri) + z i( x 2-y2)^ 

c i - z i( x i-yi)(TT - 05 ) + z i( x 2-y2)^l 


Di = Z,(x 


( x i’ y i)V 


/G 


21 



Z i( x 2^2) 


G 22 

0.8b 


Substituting equation (8) into equation (7) results in the final form of the equations of 
motion: 


n 

(-w 2 M i + CD i 2 M i jq i (t) = ^ q 

j=l 



AP j Z i 


dx 


dy + (Aj 


+iBj 


s 


Ap Z. dx dy 
p i 


+ 


( c j + iD i) If 


Ap g Z i dx dy 


(9) 


9 



It should be noted from the form of the equations presented here that the active controls 
serve only to modify the aerodynamic forces of the wing alone. The Hermitian matrix U 
described earlier can be derived directly from the aerodynamic terms appearing in this 
equation and the effect of active controls on this matrix determined. Flutter calculations 
without active controls are performed by setting the coefficients A, B, C, and D 
equal to zero. 

Flutter calculations were performed for the delta-wing model at Mach numbers of 
0.6, 0.7, 0.8, and 0.9. The generalized aerodynamic forces appearing in equation (9) were 
formulated through the use of doublet- lattice aerodynamics as described in reference 12. 
This method requires the subdivision of the lifting surface into an array of trapezoidal 
boxes arranged in streamwise columns with a line of pulsating doublets located at the 
quarter chord of each box. The geometric boundary condition of tangential flow is satis- 
fied at the 3/4-chord location for each box. The delta-wing model was divided into 
160 boxes arranged in 16 streamwise strips with 10 boxes per strip. This arrangement 
provided six boxes on each control surface. All flutter calculations were made using the 
first nine measured structural modes, generalized masses, and natural frequencies. It 
should be noted that the equations of motion did not include control -surface dynamics 
since the natural frequency of rotation for each surface was considerably above the fre- 
quency of interest. 


Results 

Flutter .- Flutter characteristics of the model without active controls were experi- 
mentally determined in the Langley transonic dynamics tunnel at Mach numbers of 0.6, 
0.7, 0.8, and 0.9. For these tests the control surfaces were kept at 0° deflection by 
applying hydraulic pressure to the actuators. The pressurized system acted as a very 
stiff spring and kept the rotational frequencies of the controls many times higher than the 
flutter frequency. Once the flutter boundary of the wing was established, an evaluation of 
the effect of active controls on raising the boundary was begun. However, these studies 
were conducted only at a Mach number of 0.9 because of an unexplained high-frequency, 
large-amplitude oscillation of the leading-edge control above a certain range of dynamic 
pressure at the lower Mach numbers. This phenomenon occurred around 65 Hz, whereas 
the flutter frequency was 11 to 12.5 Hz. This problem is not believed to be a result of 
the control law, since this motion is also observed with the control loop open, but has 
been introduced in some manner by the mechanization of the controls on the model. 

The experimental flutter results are presented in figure 6. At a Mach number of 
0.9 the basic wing model fluttered at a dynamic pressure of 5.879 kN/m2. With active 
controls the flutter point was raised to 6.607 kN/m2, reflecting an increase of approxi- 
mately 12 percent in dynamic pressure. The degree of confidence in the control system 
was such that when open-loop flutter was encountered, the active control loop was closed 
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to suppress the motion. The observed flutter motions for both open- and closed- loop 
operation were similar in nature and closely resembled the second natural vibration 
mode with some slight primary bending. 

A comparison of calculated and experimental data is also presented in figure 6. 

The calculations for the basic wing show excellent agreement at all Mach numbers; how- 
ever, the calculations with active controls predict a higher flutter point than was meas- 
ured. At a Mach number of 0.9 the calculated increase in flutter dynamic pressure was . 
approximately 21 percent compared with the measured increase of 12 percent. This dif- 
ference is believed to be due to the inability of the aerodynamic theory to predict ade- 
quately the pressure distributions resulting from actuating the control surfaces, the lack 
of control-surface dynamics in the equations of motion, and the amplitude and phase lags 
incurred between the desired and actual control-surface deflections introduced by imple- 
menting the control loop on the model. 

On the basis of these calculated results, it was decided to investigate analytically 
the sensitivity of the system to phase lag between the desired and actual control- surface 
deflections. A separate set of calculations were made which included a phase lag for both 
leading- and trailing-edge controls. The phase angle was experimentally determined for 
the model by measuring the frequency response of the actuator systems. At the flutter 
frequency of about 12 Hz, both surfaces had a phase lag of approximately 18°, and this 
value was used in the calculations. The results of these calculations are presented in 
figure 6. At a Mach number of 0.9 the phase angle reduced the increase in flutter 
dynamic pressure from 21 percent to 16 percent and resulted in a more favorable com- 
parison with experiment. 

Subcritical response .- In order to explore fully the behavior of the model below the 
flutter boundaries, two techniques for estimating the damping associated with the flutter 
mode were used. The first of these techniques (described in ref. 13) involves measuring 
the forced response of the model to an input generated by the trailing-edge controls as 
indicated in sketch 1. A measure of the damping in each mode can be obtained for both 
open- and closed- loop operation if the transfer function relating the forced response to the 
command signal is determined as a function of frequency. During the wind-tunnel 

test an electronic signal analyzer was used to determine the in-phase and out-of-phase 
components of the response h^ with respect to the trailing-edge command signal. Fig- 
ure 7 presents a typical plot of this response at a Mach number of 0.9 and a dynamic pres- 
sure of 5.429 kN/m2. The curves in the upper portion of this figure represent the response 
of the basic wing; the lower curves, the response with the control loop closed. The damp- 
ing in the modes can be estimated from the out-of-phase component by the frequencies , 
labeled f A and fg. For an equivalent system with a single degree of freedom, these 
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Sketch 1 


are the frequencies at the half-power points, and the damping can be expressed in terms 
of these frequencies: 

(V f B ) 2 - 1 

( f A / f B f + 1 

The data shown in figure 7 are for a 3 -minute logarithmic sweep from 5 to 25 Hz. 

A qualitative measure of the effect of active controls in reducing the forced response 
of the system is evident from figure 7. The closed-loop system significantly alters the 
response by adding appreciable damping to the model. However, a quantitative measure 
of the damping is quite difficult to estimate because of the noise in the signal resulting 
from the model responding to tunnel turbulence. As the dynamic pressure is further 
increased, the signal- to -noise ratio becomes extremely high and results in very poor 
response plots. For this model the forced-response technique did not provide very use- 
ful information, but it will be shown later that this procedure can be an extremely useful 
tool in estimating the subcritical response. 

The second technique that was used is referred to as "randomdec" and is described 
in reference 14. Basically, the technique extracts the damped sinusoidal response of the 
model vibration modes from the response of the model to tunnel turbulence. This is 
accomplished by assuming that the measured response is composed of the response to a 
step, an impulse, and a random force. By averaging the measured response over a num- 
ber of time sweeps, the response of the system to a step is determined, since the response 
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to an impulse and to a random force average to zero. Damping is then obtained in the 
same manner as from a free-vibration decay which would be obtained if the model were 
given an initial displacement in the critical mode and then released. For a system with 
multiple degrees of freedom a filter is required to isolate the modes of interest. It 
should be pointed out that when the frequencies of the structural modes are closely 
spaced, both the randomdec and forced-response techniques suffer from the problem of 
accurately determining the damping value. 

The randomdec technique was used to obtain the plot in figure 8, which is the meas- 
ured system damping in the critical flutter-mode frequency range as a function of dynamic 
pressure at a Mach number of 0.9. The hatched area represents the experimental scatter 
of the data. Typical randomdec signatures are presented at a dynamic pressure of 
5.841 kN/m2, which is within 1 percent of the flutter dynamic pressure. The open-loop 
damping is about 0.008; the closed loop, about 0.075. Also shown are the measured open- 
and closed-loop flutter points. Because of the frequency spectrum of the structural modes 
of interest, this technique proved to be quite valuable in establishing the subcritical behav- 
ior of the model. For test conditions at which the forced-response technique described 
earlier gave meaningful results, these results also fell within the scatter indicated in 
figure 8. 


B-52 FLUTTER-SUPPRESSION PROGRAM 

In addition to the delta-wing program, the Langley Research Center is engaged in 
a cooperative program with the Air Force Flight Dynamics Laboratory to study symmet- 
ric flutter suppression on a model of the B-52 CCV airplane. As mentioned in the Intro- 
duction, the B-52 program will include studies of the application of other active control 
systems including maneuver-load control, ride-quality control, and relaxed static stability. 

Model Program 

The model program uses a 1/30-size dynamically and aeroelastically scaled model 
of the B-52. A photograph of the model installed in the Langley transonic dynamics tunnel 
is shown in figure 9. In order to provide a simulation of the free-f light dynamics, the 
model is mounted on a modified version of the two- cable mount system described in ref- 
erence 15. This mount provides the model with a soft support in that the natural frequen- 
cies associated with the mount are well below those of the free-flight and elastic modes. 

The active flutter-suppression system designed for the model is indicated in the 
simplified block diagram shown in sketch 2. This control system was not designed with 
the use of the energy approach discussed earlier. It is a result of previous experience 
and analysis of the B-52 which have indicated that aerodynamic forces on the wing are 
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Sketch 2 


stabilizing for 360° of the flutter oscillation cycle when the incremental lift generated by 
the control surfaces lags the wing motion by 90°. The control law is essentially a shaping 
filter which provides the required phase lag between wing lift and displacement at the flut- 
ter frequency. A summary of the analysis, synthesis, and hardware implementation being 
used for the flight program is presented in reference 16. 

As indicated in sketch 2, the control system incorporates an active flaperon and 
outboard aileron. The placement of these controls is indicated in figure 10. An out- 
board accelerometer is used to drive the ailerons. A second inboard accelerometer is 
used to drive the flaperons. Because of the smaller hinge moments required for this 
model and the substantially larger volume available than in the delta-wing model, an 
electromechanical system was designed to actuate the controls. This system consisted 
of separate dc torque motors mounted within the fuselage to drive the ailerons and flap- 
erons. The linkages used to drive the controls were designed to isolate them from the 
structure so that they would not change the stiffness characteristics of the wing. A 
description of this system is presented in reference 10. 

Results 

Experimental studies of the B-52 model were performed in the Langley transonic 
dynamics tunnel. The prime objectives of these tests were to establish the behavior of 
the flutter-suppression system below the flutter boundary. A plot of estimated damping 
in the critical flutter mode (approximately 12.8 Hz), using the forced-response technique, 
against tunnel dynamic pressure is presented in figure 11. Experimental results for the 
open-loop system, the closed-loop system with nominal gains, and the closed-loop system 
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with double the nominal gains are indicated in this figure. It is readily apparent from these 
results that the effect of active controls is appreciable. Even with nominal gains, the 
damping at a dynamic pressure 2.42 kN/m2 is more than double that of the open-loop 
system. With twice the nominal gains, not only has the level of damping increased but 
even the trend with increasing dynamic pressure has reversed direction. 

A typical plot of the measured in-phase and out-of-phase response of the model is 
presented in figure 12. For this model the ailerons were used to generate the forcing 
function. As indicated in figure 12 the damping was estimated by determining the ratio 
of the outboard-accelerometer response to the aileron command for a frequency range 
of 4 to 24 Hz. The randomdec technique did not provide useful results until the model 
was tested near the flutter boundary, at which time most of the wing response was pre- 
dominantly in the lowly damped flutter mode. 

CONCLUDING REMARKS 

A description of two wind-tunnel studies used to evaluate active control of flutter 
suppression has been presented. A flutter-suppression method based on an aerodynamic- 
energy criterion has been described, and some results of the application of this method 
to a simplified delta-wing model are presented. An increase of approximately 12 percent 
in the flutter dynamic pressure for this model has been achieved at a Mach number of 0.9 
through the use of leading- and trailing- edge controls. Analytical calculations have been 
compared with experiment and indicate excellent agreement for the open-loop system; 
however, calculations for the closed-loop system predicted a larger increase in dynamic 
pressure than was measured. 

Some preliminary experimental results of a flutter- suppression study of an aero- 
elastic model of the B-52 CCV airplane have been presented. A flutter- suppression 
method based on the phasing between wing motion and control- surface deflections has 
indicated that significant improvements in the subcritical damping of the flutter mode 
can be achieved through the use of active controls. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Hampton, Va., August 27, 1973. 
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Figure 1.- Delta-wing flutter-suppression model. 
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(Contour interval, 0.1 normalized displacement.) 




Figure 5.- Block diagram of flutter-suppression system 
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Figure 6.- Measured and calculated model flutter boundaries. 
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(b) Closed- loop response, g = 0.107. 

Figure 7.- Measured forced response of model to trailing-edge-control excitation 
at Mach number of 0.9 and dynamic pressure of 5.429 kN/m2. 
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Figure 8.- Measured subcritical damping at Mach number 




Figure 9.- B-52 CCV model mounted in the Langley transonic dynamics tunnel. 
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Figure 10.- B-52 model control surfaces used for flutter suppression. 
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Figure 11.- Measured damping for B-52 flutter- suppression model. 
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(a) Open- loop response, g = 0.062. 
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(b) Closed- loop response - double nominal gains, g = 0.176. 

Figure 12.- Measured forced response of B-52 model to aileron command at a 

dynamic pressure of 2.154 kN/m^. 
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